During growth on xylan and xylose Thermoanaerobacterium saccharolyticum B6A-RI produced endoxylanase, 13-xylosidase, arabinofuranosidase, and acetyl esterase, and the first three activities appeared to be produced coordinately. During nonlimiting growth on xylan, these enzyme activities were predominantly cell associated; however, during growth on limiting concentrations of xylan, the majority of endoxylanase activity was extracellular rather than cell associated. Endoxylanase, 13-xylosidase, and arabinofuranosidase activities were induced by xylan, xylose, and arabinose, respectively. Acetyl esterase activity was constitutive, and endoxylanase activity was catabolite repressed by glucose. Extracellular endoxylanase existed as a highmolecular-weight complex (molecular weight, more than 106). When analyzed by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) and zymograms, the crude endoxylanase complex was composed of at least six activity bands. Endoxylanase was purified by gel filtration with Sephacryl S-300 and affinity chromatography with xylan coupled to Sepharose CL-4B preequilibrated to 45°C with 50 mM sodium acetate buffer (pH 4.0) and eluted with 0.1% soluble xylan. A single area of endoxylanase activity was identified on the zymogram; when this activity was analyzed by SDS-PAGE, it was composed of a major protein with a molecular weight of approximately 160,000 and a minor protein with a molecular weight of approximately 130,000. The endoxylanase activity stained with Schifis reagent, indicative of glycoproteins, displayed a specific activity of 41 U/mg of protein on xylan, and had pH and temperature optima of 6.0 and 70°C, respectively.
3-1,4-Xylans are heterogeneous polysaccharides found in
the cell walls of all land plants and in almost all plant components. After cellulose, xylan is the most abundant renewable polysaccharide in nature, accounting for 20 to 30% of the dry weight of woody tissue. Complete breakdown of a branched acetyl xylan requires the action of several hydrolytic enzymes (6, 28) . The most important microbial enzymes involved in xylan degradation are endo-1,4-13-Dxylanase (EC 3.2.1.8) and P-D-xylosidase (EC 3.2.1.37). Endo-1,4-0-D-xylanase acts on chains of xylans, arabanoxylans, and 4-methoxy-glucuronoxylans. ,-Xylosidase breaks down short oligosaccharides from the nonreducing end to xylose and has substantial transferase activity (28) . A number of other glycosidases may play more minor roles in polysaccharide degradation; these other glycosidases include a-L-fucosidase, cleaving terminal L-fucoside from xyloglucans and rhamnogalacturonans, and a-L-rhamnosidase (EC 3.2.1.40), releasing L-rhamnose from the nonreducing end of partially degraded rhamnogalacturonans. a-D-Glucuronidase releases D-glucuronic acid from xylan, and a-Larabinofuranosidase (EC 3.2.1.55) removes arabinosyl side chains. Often xylans are present in the partially acetylated form, which comes under attack from acetyl esterases (EC 3.1.1.6).
Xylan-degrading enzymes are produced by a wide variety of microorganisms, including aerobic and anaerobic mesophiles and thermophiles (6, 35) . The majority of studies have been carried out with aerobic, mesophilic fungi, and bacteria (6, 28, 35) . Thermophilic anaerobes produce active saccharidases that enable rapid hydrolysis of polymers, such as cellulose and starch (14, 42) . Detailed characterization of xylanolytic enzyme complexes present in thermoanaerobes has not yet been reported. Clostridium thermocellum produces a cellulosome which organizes cellulases for rapid degradation of cellulose (3) . Little is known about the hemicellulases from thermophilic anaerobic bacteria that grow rapidly on insoluble xylan. Wiegel et al. (38, 39 ) studied a variety of thermophilic, anaerobic, saccharolytic bacteria, including Thermoanaerobacter ethanolicus, Thermobacteroides acetoethylicus, Thermoanaerobium brockii, and C. thermocellum, which all ferment xylan, albeit at a very slow rate. Studies were also conducted on Thermoanaerobacter sp. strain B6A (now classified as Thermoanaerobacterium saccharolyticum B6A [20] ), an organism isolated from an algal mat present in Big Spring, Thermopolis, Wyo. (37) , which was shown to extensively degrade xylan (36) . Later, Thermoanaerobacterium saccharolyticum B6A (Thermoanaerobacter sp. strain B6A) was shown to possess a number of saccharidases, including amylase, glucose isomerase, and high levels of endoxylanase (17) , and recently the utilization of uronic acids and the production of xylanolytic activities in Thermoanaerobacterium saccharolyticum B6A were described (9) .
Recently, we isolated two xylanolytic species from Frying Pan Springs in Yellowstone National Park, Wyo., a thermal spring with a pH below 6.0 (20) . One of the isolates, Thennoanaerobacterium saccharolyticum B6A-RI, is similar to Thermoanaerobacter sp. strain B6A (now Thermoanaerobacterium saccharolyticum B6A) on the basis of metabolic and morphological properties; however, these organisms were isolated from different geothermal sites and are considered different strains of the same species. Thermoanaerobactenum saccharolyticum B6A-RI was selected for further study of xylanolytic systems from thermoanaerobes because it has very active xylanases but is not cellulo-lytic, and thus ensures that hydrolysis of xylan is due to the action of xylanases and not nonspecific cellulases. The purpose of the present study was threefold: first, to identify the kinds and complexity of xylanase activities present; second, to determine the regulation of xylanolytic enzymes with respect to the growth substrate; and third, to partially purify and characterize the endoxylanase complex.
MATERIALS AND METHODS Chemicals and gases. All chemicals were reagent grade or better and were obtained from Sigma Chemical Co., St. Louis, Mo., or Mallinckrodt, Inc., Paris, Ky. All gases used were at least 99.9% pure and were passed over copper-filled Vycor furnaces (Sargent Welch Scientific Co., Skokie, Ill.) to remove oxygen.
Organism and culture conditions. Thermoanaerobacterium saccharolyticum B6A-RI was grown on TYE medium at 60°C as described elsewhere (41) .
Measurement of growth and end products. Cell growth was determined by measuring optical density at 660 nm. Xylose was measured as a reducing sugar with dinitrosalicyclic acid reagent (24) . Ethanol was measured as a reducing sugar with dinitrosalicyclic acid reagent (24) . Ethanol and acetate were determined by flame ionization gas chromatography. Cellfree culture medium (1 ml) was acidified with 100 ,ul of 10 N H3P04, and 2 ,ul was injected into a Hewlett-Packard model HP 5890A gas chromatograph equipped with a Chromosorb 101 (80/100 mesh) column (Supelco). The column was operated at 200°C, and the detector and injector temperatures were 250 and 190°C, respectively. Enzyme production and batch culture studies. Thernoanaerobactenium saccharolyticum B6A-RI was grown in a 750-ml fermentation vessel (New Brunswick Scientific, New Brunswick, N.J.) containing 500 ml of medium and 1.0% (wt/vol) oat spelt xylan, which was added before autoclaving. The vessel was rendered anaerobic by the addition of 0.01% (wt/vol) Na2S. The vessel was agitated at 200 rpm and sparged with nitrogen-carbon dioxide (95:5), and the temperature was maintained at 60°C, without pH control. Samples (3 ml) were taken at intervals for determination of growth, reducing sugar, fermentation products, and enzyme activities. For enzyme activities, 1.5 ml of culture was centrifuged at 16,000 x g for 5 min in an Eppendorf microcentrifuge, and the supernatant was taken as the extracellular fraction. The cells were washed twice in 50 mM 3-(N-morpholino)propanesulfonic acid (MOPS) buffer (pH 6.0) and resuspended in 1.5 ml of the same buffer. These cells were sonicated for 2 min and used to measure cellular activity (i.e., both soluble and cell-bound activity).
Enzyme activities. All enzyme assay mixtures were incubated at 65°C. Endoxylanase activity was determined with oat spelt xylan. The assay mixture consisted of 1% (wt/vol) xylan supplemented with 50 mM sodium acetate (pH 5.5) and enzyme to give a final volume of 0.2 ml. The reaction mixture was incubated for 2 h, and the xylose produced was quantitated by the addition of 0.8 ml of dinitrosalicyclic acid reagent; absorbance was measured at 640 nm.
The ,-xylosidase assay mixture consisted of 1 mMp-nitrophenyl P-D-xylopyranoside, 50 mM sodium acetate (pH 5.5), and enzyme to give a final volume of 0.4 ml. The reaction mixture was incubated for 10 min, and the assay was terminated by the addition of 0. Synthesis of xylan-coupled Sepharose CL-4B. Synthesis of xylan-coupled Sepharose CL-4B was based on the procedure described by Sundberg and Porath (33) . A 5-g portion of oat spelt xylan (Sigma Chemical Co.) was mixed with 35 g of suction-dried Sepharose CL-4B (Pharmacia LKB Biotechnology, Piscataway, N.J.) in 90 ml of 0.5 M sodium carbonate (pH 13) in a 500-ml flask; 10 ml of epichlorohydrin (Sigma Chemical Co.) was added to the mixture, and the preparation was incubated at 60°C for 2 h with vigorous shaking in a water bath. The mixture was washed with excess water on a glass filter funnel to remove uncoupled reagents and suspended in distilled water.
Purification of endoxylanases. Thermoanaerobacterium saccharolyticum B6A-RI was grown on TYE medium supplemented with 0.5% xylose to late exponential phase and centrifuged, and the culture supernatant was used as a source of endoxylanases. The culture supernatant was concentrated by ultrafiltration with a YM 100 membrane with a 100-kDa molecular mass cutoff (Amicon Co., Danverse, Mass.) and was loaded on a Sephacryl S-300 column (2.5 by 50 cm; Pharmacia) prequibrated with 50 mM NaCl and 50 mM sodium acetate buffer (pH 5.5) and eluted with the same buffer. The active fractions were pooled and concentrated by ultrafiltration with a YM 30 membrane with a 30-kDa molecular mass cutoff (Amicon).
For affinity chromatography a Pharmacia column (1.5 by 33 cm) fitted with a thermostatic jacket connected to a water bath for temperature control was filled with xylan-coupled Sepharose CL-4B. The column was equilibrated with 50 mM sodium acetate buffer (pH 4.0) at room temperature, and the protein sample was loaded onto the column which had equilibrated to 45°C. After washing with 50 mM sodium acetate buffer (pH 5.5) at room temperature, the xylanases were eluted with soluble xylan (0.1%) in 50 mM sodium acetate buffer (pH 5.5) at room temperature. Soluble xylan was prepared by stirring a solution of 1% (wt/vol) xylan for 10 h, centrifuging it at low speed to remove the insoluble material, and using the supernatant. The active fractions were pooled and incubated at 60°C for 2 to 4 h to digest xylan which coeluted with the enzyme, and the hydrolysis products were removed by dialysis against 50 mM sodium acetate buffer (pH 5.5) .
Electrophoresis and zymograms. Sodium dodecyl sulfate The gel was stained in a 0.2% (wt/vol) Congo red solution for 10 min at room temperature with gentle shaking and destained with 1 M NaCl until excess stain was removed from the active band. To facilitate photographic documentation, the gel was rinsed in 5% acetic acid, which caused the background to turn dark blue, emphasizing the bands of activity. Proteins were stained with Coomassie brilliant blue R250, destained, and photographed.
RESULTS
Regulation of xylanolytic enzyme activity levels. Thermoanaerobacterium saccharolyticum B6A-RI was grown on various carbon sources, and endoxylanase, ,-xylosidase, acetyl esterase, and arabinofuranosidase were compared with respect to activity levels ( Table 1) . High levels of f3-xylosidase were produced during growth on all of the substrates tested except glucose; however, addition of xylose to a glucose-grown culture resulted in P-xylosidase synthesis (data not shown). Endoxylanase activity was most significant during growth of Thermoanaerobacterium saccharolyticum B6A-RI on xylose and xylan. Arabinose, although the end product of arabinofuranosidase activity, acted as an inducer for this enzyme, and acetyl esterase activity was constitutive.
Growth and xylanolytic enzyme synthesis. Thermoanaerobacterium saccharolyticum B6A-RI grew readily in batch culture on xylose with a doubling time of 1.13 h (Fig. 1) . Although this organism produces acetate, ethanol, lactate, CO2, and H2, only acetate and ethanol were determined under these conditions. ,-Xylosidase, acetyl esterase, and arabinofuranosidase activities were produced during growth on xylose and were detected in cells. Endoxylanase activity was also synthesized during growth on xylose, but the majority of the activity was detected in the culture supernatant, not in the cells.
Growth of Thermoanaerobacterium saccharolyticum B6A-RI on xylan was assessed indirectly by measurement of ethanol and acetate production, which had been shown to correlate with growth with xylose as the substrate. The time period before fermentation product concentrations increased and pH decreased was significantly longer on xylan than the time period observed with xylose as the substrate (Fig. 2 ). An increase in reducing sugars occurred during xylan fermentation, with the maximum amount formed during the early phase of growth (i.e., before significant amounts of fermentation products were formed), and then was consumed. All xylanolytic enzyme activities were synthesized during growth. Interestingly, although similar levels of endoxylanase were produced when Thermoanaerobacterium saccharolyticum B6A-RI was grown on xylan or xylose, the activity was mainly cell associated during growth on the insoluble substrate, in comparison with the predominantly extracellular activity found during growth on xylose. The possibility that endoxylanase is adsorbed onto xylan, therefore reducing the amount of activity that can be detected in the culture supernatant, cannot be excluded. That substrate remained at the end of growth can be inferred since the amount of xylan added was twice the amount of carbohydrate added to the xylose culture, while the levels of acetic acid and ethanol in both cultures were similar, suggesting that growth had occurred to similar extents on both substrates. Thus, in the presence of excess xylan, endoxylanase may be associated with the substrate rather than the cell.
Acetyl esterase and 1-xylosidase activities were mainly cell associated, with lower levels occurring in the supernatant and intracellular fractions. Only low levels of cell-bound arabinofuranosidase activity could be detected.
Cellular location of endoxylanase. The cellular location (i.e., cell bound versus excreted) of cellulases, xylanases, and amylases can be affected by substrate availability. Consequently, experiments were performed such that the concentration of xylan was varied during growth of Thermoanaerobactenium saccharolyticum B6A-RI in batch culture, and the levels of endoxylanase activity associated with the cells and the culture supernatant were determined (Table  2) . At Thermoanaerobacterium saccharolyticum B6A-RI was grown in 10-ml pressure tubes on TYE medium supplemented with different concentrations of xylan. Cells were harvested at the mid-exponential phase, and endoxylanase activity was determined.
cell-associated activity could represent an interaction among the cells, the enzymes, and the substrate.
Purification of endoxylanase activity by affinity chromatography. Extracellular endoxylanase existed as a high-molecular-weight complex (molecular weight, more than 106) which could not be separated by standard methods (e.g., ammonium sulfate precipitation, anion-exchange chromatography, or cation-exchange chromatography, using a number of different buffer systems at different pH values). When analyzed by SDS-PAGE and zymograms, the endoxylanase complex was composed of multiple bands, including proteins without endoxylanase activity.
In the purification scheme employed, gel filtration was used to elute a high-molecular-weight fraction, which was pooled and concentrated. The results showed that most activity was associated with the high-molecular-weight fraction. This partially purified endoxylanase was further purified by affinity chromatography with xylan-coupled Sepharose CL-4B.
Binding of the high-molecular-weight endoxylanase to the affinity column material did not occur at 4°C or at room temperature. As this procedure relies on interaction of the active site of the enzyme with the substrate, the temperature of the column was increased to 45°C in an attempt to facilitate this interaction. Initially, the pH of the column was 5.5; however, there was limited binding of endoxylanase at this pH, and the pH was lowered to 4.0, resulting in a significant increase in affinity of the enzyme for the column matrix. This approach was successful, and a single peak of activity was eluted, which appeared on SDS-PAGE gels as a major 160-kDa protein and a minor 130-kDa protein (Fig.  3A) .
The in situ zymogram technique has been used for analysis of thermostable cellulases and xylanases from C. thermocellum (25, 30) and proved to be a very convenient method for preliminary characterization of these endoxylanase activities from Thermoanaerobacterium saccharolyticum B6A-RI. To determine that the protein bands seen in SDS-PAGE gels had endoxylanase activity, a zymogram was performed by renaturing the endoxylanase after SDS-PAGE and detection in situ (Fig. 3b) . From the zymogram, multiple endoxylanase activities with high molecular weights were detected, indicating that more than one enzyme with the ability to hydrolyze xylan was present. In the crude extract at least six endoxylanases were present, as detected by the zymogram, and after purification a single large band of endoxylanase activity was observed. Periodic acid-Schiff reagent staining indicated that the endoxylanases from Thermoanaerobacterium saccharolyticum B6A-RI are glycoproteins (data not shown). Characterization of the endoxylanase activity. By using the endoxylanase purified from the affinity column, the temperature and pH optima were determined. The pH optimum for the endoxylanase was 6.0 (Fig. 4A) , and the temperature optimum was 70°C (Fig. 4B) . The specific activity of the purified endoxylanase complex on xylan was 41 U/mg of protein. The products of xylan hydrolysis by the affinitypurified endoxylanase complex were mainly xylobiose and xylotriose, as determined by thin-layer chromatography (data not shown).
DISCUSSION
These data represent the first detailed characterization of the xylanolytic activities present in Thermoanaerobacterium saccharolyticum B6A-RI. This organism degrades xylan by the coordinate production of a complex of hydrolyzing enzymes which act together in a concerted manner to effectively degrade the substrate. This organism produces very high levels of xylanases for a noncellulolytic thermoanaerobe. During growth on insoluble xylan, cells of Thermoanaerobacterium saccharolyticum B6A-RI produce a cell-bound endoxylanase complex comprising multiple proteins which is excreted when the insoluble growth substrate is limiting. In addition, intracellular f-xylosidase, acetyl esterase, and arabinofuranosidase are produced. Synthesis of the xylanolytic complex is regulated by pentose-containing substrates.
Acetyl esterase activity was constitutive in Thermoanaerobacterium saccharolyticum B6A-RI. Xylose and xylan acted as inducers for P-xylosidase and endoxylanase, and arabinose induced arabinofuranosidase. This differed markedly from the regulation of xylanolytic activities in Thermoanaerobacter sp. strain B6A (now Thermoanaerobacterium saccharolyticum B6A), in which arabinose was found to be a better inducer of xylanase than xylose, and levels were lower during growth on arabinose than during growth on glucose. In addition, arabinofuranosidase was induced by a number of substrates, including xylan, xylose, and arabinose (9) . Xylan and xylose were also required to induce xylanase and P-xylosidase production in Butyrivibriofibrisolvens (31), and xylose induced xylanase, xylanopyranosidase, and arabinofuranosidase activities in Clostridium acetobutylicum (18) and xylanase and P-xylosidase in Bacillus pumilus (27) .
In most xylanolytic bacteria endoxylanase activity appears to be mainly extracellular during growth on xylan, as found in Butyrivibrio fibrisolvens (10, 31) , Thermoanaerobacterium ethanolicus (38) , Thermoanaerobacterium saccharolyticum B6A (formerly Thermoanaerobacter sp. strain B6A) (9) , and C. acetobutylicum (18) . 13-Xylosidase appears to be mainly cell associated in Butyrivibrio fibrisolvens (10, 31) and Thermoanaerobacterium saccharolyticum B6A (9) , and equal levels were found in the extracellular fraction and cell-bound fraction in cultures of C. acetobutylicum (18) .
The findings in this study appear to suggest that xylandegrading enzymes were predominantly associated with the cell during growth on xylan, except under conditions of xylan limitation in which endoxylanase became predominantly extracellular. However, immunological and electron microscopy studies with monoclonal antibodies raised against endoxylanase will be necessary to provide conclusive evidence of the cellular location of this enzyme. In Clostridium thennohydrosulfuricum pullulanase has been reported to be predominantly cell bound during growth of the organism on 0.5% starch (1) . However, when the organism was grown in continuous culture with growth-limiting amounts of starch, pullulanase and a-amylase were overproduced, and partial disintegration of the cell surface occurred, which was associated with the formation of membrane "blebs" and extracellular vesicles (1).
In C. thermocellum a cell surface glycoprotein complex, termed the cellulosome, containing enzymes necessary for the degradation of cellulose, has been demonstrated. This complex exists in cell-surface-bound and cell-free forms and has been shown to be responsible for cellular adherence to cellulose and for the degradation of cellulose to cellobiose by the intact organism (2, 16) . The cellulosome constitutes the majority of the endoglucanase activity (-70%) and about one-third of the total extracellular protein and possesses the major proteins so far reported for the entire cellulolytic apparatus in this organism (15) . Recently, xylanase activity has also been found to be localized in the cellulosome (25) .
Many anaerobic cellulolytic bacteria possess high-molecular-weight, multisubunit cellulases which are often found associated with the cell surface (40) or sedimentable membranous fragments (8) . Bacteroides succinogenes produces carboxymethyl cellulase, ,3-glucosidase, xylanase, and 3-xylosidase during growth on cellulose, and approximately 50% of each of the released enzymes was associated with sedimentable subcellular membrane vesicles which adhered to cellulose (7) . In these cellulolytic anaerobes enzyme complexes analogous to the cellulosome may be present. In Thennoanaerobacterium saccharolyticum B6A-RI, the finding of cell-bound endoxylanase activity, a strong affinity of the cells for the substrate, and the presence of cell surface protrubances (21) suggests the presence of a xylanosome cell surface structure analogous to the cellulosome in C. thermocellum. Whether such structures are present in cells of Thermoanaerobacterium saccharolyticum B6A, which does not bind xylan (36) , is not known.
The genes coding for an endoxylanase and a P-xylosidase activity in Thermoanaerobactenum saccharolyticum B6A-RI have been cloned (19, 22) , and the endoxylanase gene contains a leader sequence whereas the 3-xylosidase gene does not, confirming the findings from the present study that endoxylanase activity is capable of excretion from the cell, whereas P-xylosidase is intracellular in cellular location.
Although there has been great interest in the purification of xylanases, relatively few attempts have been made by using affinity chromatography (29, 34) . By using the procedure described by Rozie et al. (29) , cross-linked xylan was prepared as an affinity adsorbent. However, the flow rate with this material was very slow because of its gelatinous nature. To improve the flow rate, oat spelt xylan was coupled to Sepharose CL-4B by a modification of the method of Sundberg and Porath (33) . This approach was successful in this study, resulting in the finding that Thermoanaerobacterium saccharolyticum B6A-RI produces multiple endoxylanases. In addition, endoxylanase activities were associated in a high-molecular-weight protein complex, as evidenced from gel filtration, and it was difficult to separate this complex into individual components. The zymogram study showed broad activity bands due to the presence of multiple endoxylanases of similar molecular weight. Periodic acid-Schiff staining indicated that these proteins may be glycoproteins; therefore, this multiplicity may arise from the different glycosylation of a single parent enzyme. However, the possibility that this may be the result of proteolysis or RNA processing cannot be ruled out.
In prokaryotic organisms, glycoproteins have been identified as constituents of crystalline cell surface layers (32) . In C. thermohydrosulfunicum S102-70 the cell surface is completely covered by a hexagonally arranged S-layer lattice, consisting of identical glycoprotein subunits (23) . In C. thernocellum some of the polypeptides within the cellulosome are glycosylated; in particular, the 210-kDa component (the S1 subunit) has been estimated to contain up to 40% covalently bound carbohydrate (13) . The finding that the endoglucanase in C. thermocellum and endoxylanases in Thennoanaerobactenium saccharolyticum B6A-RI are mainly cell bound and glycosylated lends support to the hypothesis that they are incorporated within the S-layer present on the bacterial cell surface.
The purified endoxylanase from Thennoanaerobactenum saccharolyticum B6A-RI is active at high temperatures and has a temperature optimum similar to those of other purified endoxylanases, including endoxylanases from some thermophilic Bacillus sp. (11, 26) and Clostridium stercoranum (5 
